Inhomogeneous photosynthetic activity has been reported to occur in drought-stressed leaves. In addition, it has been suggested that these water stress-induced nonuniformities in photosynthesis are caused by "patchy" stomatal closure and that the phenomenon may have created the illusion of a nonstomatal component to the inhibition of photosynthesis. Because these earlier studies were performed with nonacclimated growth chamber-grown plants, we sought to determine whether such "patches' existed in droughttreated, field-grown plants or in chamber-grown plants that had been acclimated to low leaf water potentials (*leaf). Cotton (Gossypium hirsutum L.) was grown in the field and subjected to drought by withholding irrigation and rain from 24 d after planting. The distribution of photosynthesis, which may reflect the stomatal aperture distribution in a heterobaric species such as cotton, was assayed by autoradiography after briefly exposing attached leaves of field-grown plants to 14C02. A homogeneous distribution of radioactive photosynthate was evident even at the lowest Ileaf of -1.34 MPa. 'Patchiness' could, however, be induced by uprooting the plant and allowing the shoot to air dry for 6 to 8 min. In parallel studies, growth chamber-grown plants were acclimated to drought by withholding irrigation for three 5-d drought cycles interspersed with irrigation. This drought acclimation lowered the *I.,f value at which control rates of photosynthesis could be sustained by approximately 0.7 MPa and was accompanied by a similar decline in the *l'ef at which patchiness first appeared. Photosynthetic inhomogeneities in chamber-grown plants that were visible during moderate water stress and ambient levels of CO2 could be largely removed with elevated CO2 levels (3000 gL L%), suggesting that they were stomatal in nature. However, advanced dehydration (less than approximately 2.0 MPa) resulted in "patches' that could not be so removed and were probably caused by nonstomatal factors. The demonstration that patches do not exist in droughttreated, field-grown cotton and that the presence of patches in chamber-grown plants can be altered by treatments that cause an acclimation of photosynthesis leads us to conclude that spatial heterogeneities in photosynthesis probably do not occur frequently under natural drought conditions.
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The availability of water represents a common environ-'Supported in part by an interdisciplinary grant from the McKnight Foundation, Minneapolis, MN. 2onsent address: Department of Agronomy, University of Wis- consin, 1575 Linden Drive, Madison, WI 53706. mental limitation to the photosynthetic performance of mesophytic plants. The mechanism for this reduction in photosynthesis can be separated into two broad categories. Stomatal closure restricts carbon fixation by increasing diffusional resistance of CO2 into the leaf and thereby starves the carboxylating machinery. Accordingly, stomata are well known to be sensitive to leaf water status (30) . Significant evidence has also accumulated to indicate the presence of limitations to photosynthetic carbon assimilation that are independent of stomatal functioning and apparently lie instead at the level of the chloroplast. Although the site of this biochemical, nonstomatal limitation varies with the species and treatment, drought-induced reductions have been reported in photosynthetic electron transport (1, 3) , PSII activity (20) , PSI activity (9) , photophosphorylation (33; see, however, refs. 22 and 31), and several enzymes of carbon fixation (see ref. 4 
for references).
Evidence for drought-induced, nonstomatal photosynthetic limitations in whole leaves usually comes from an analysis of the relationship between A3 and Ci. Instances in which Ci remains high during a decrease in assimilation (14, 27) or in which a depressed assimilation rate is not restored by an elevated extemal CO2 concentration (2, 10, 19) are usually taken as direct evidence that, because the substrate for carboxylation is not limiting, the limitation must lie elsewhere. However, this positive relationship between A and Ci, and the conclusions that can be drawn from it, have recently been questioned (8, 26, 28) because of the discovery of inhomogeneities in stomatal apertures across the leaf surface (11-13, 15, 16, 21) . As early as 1983, Laisk (15) proposed that such inhomogeneities could affect the determination of assimilation rates. Farquhar et al. (8) and Terashima et al. (28) have further theorized that such inhomogeneities or .patches' could cause an erroneous overestimation of Ci because of an underestimation of leaf conductance. However, this conclusion has been challenged recently (5) .
In the work reported here, we extended earlier work on the issue of "'leaf and drought to actual field conditions. The concern we have is that the experimental systems used to demonstrate stomatal 'patchiness' all involve either an exogenous application of the hormone ABA (7, 28) Tleaf both in the field and in the laboratory were measured using a pressure chamber (PMS600, PMS Instrument Co., Corvallis, OR) as described before (31) .
Photosynthesis
Both laboratory and field measurements of assimilation, stomatal conductance, leaf temperature, and irradiance were made using a Li-Cor LI-6200 portable photosynthesis system. The various parameters were derived from the original data using the equations reported by von Caemmerer and Farquhar (29) as explained by Li-Cor (17) . To minimize stomatal limitations to assimilation, the 1-L Li-Cor assimilation chamber was flushed for 30 s with certified gas containing 1200 ± 12 ,uL L-1 CO2 (Linde Division, Chicago, IL) after the leaf had been clamped in but before the photosynthetic measurement was made both in the field and laboratory. Natural irradiance was used in the field, and an incandescent lamp provided 1200 ,umol photons m-2 s-' for measurements of assimilation in the growth chamber studies.
4C02 Autoradiography
Determinations of the spatial distribution of recently fixed carbon were made using a standard 14CO2-feeding technique as detailed by Ortiz-Lopez et al. (22) . For s, the leaf was detached, immediately placed on ice in the dark, and placed (again in the dark) against Kodak X-OMAT AR x-ray film for a standard exposure at -800C. The same setup was used for the field as for the laboratory except that solar irradiance provided illumination in the field, whereas a lamp (1200,mol photons m-2 s-') was used in the laboratory. (24) , stored in a lecture bottle, and transported to the field.
The extent to which a given treatment caused a leaf to 'patch' was assessed using (a) a visual scoring system (0 = no patching; ++++ = maximum patching), (b) computeraided digital image analysis, and (c) a gravimetric method (autoradiographs were photocopied, then patched areas were cut out, weighed, and expressed as a percentage of the total leaf area). Of the three methods, the visual scoring system generated the most consistent and presentable data; therefore, it was used for all experiments. The patchy status for Figures 1, 3 , and 4 is given in the legends as an approximate calibration of the visual scoring system.
RESULTS

Field Experiments
Withholding rain and irrigation from field-grown cotton plants resulted in a midafternoon *leaf of about -1.3 to -1.4 MPa, which was approximately 0.4 MPa lower than in the well-watered counterparts (Table I ). Uprooting the entire plant and allowing it to air dry in the sun caused "'leaf (Table   I ) and conductances (data not shown) of plants from both experimental plots to decline to very low values in as few as 6 min. We used this rather severe, and artificial, treatment as a method to induce rapid stomatal closure. Because of the rapidly decreasing leaf conductances, it was not technically possible to measure accurately rates of A during this short dry-down period.
14CO2 autoradiography of field-grown cotton leaves revealed that there was a uniform distribution of photosynthesis across the surface of the leaf in both the droughttreated and irrigated plots regardless of the sampling time of 'leaf. Figure 1A shows a leaf on a drought-treated plant pulse labeled with 14CO2 for 60 s at 3:42 PM. Images recorded in the midmorning or from irrigated plants showed that there were no discernible differences between plants regardless of time of day or soil moisture treatment (data not shown; see also Table II ). The fast-drying technique caused rapid development of nonuniform photosynthesis in both irrigated and drought-treated plants as depicted in Figure 1B . A scoring system based on the visual appearance of each leaf was used to assess the extent to which individual leaves patched, and those data are presented in Table II . It can be seen that only the fast-dried plants showed patches and, even then, patchiness was only seen at "'leaf below approximately 1.4 MPa.
Growth Chamber Experiments
Field-grown plants experience daily cycles of "'leaf (31) , inducing an acclimation of photosynthesis to a low 'leaf (4) .
To mimic natural acclimation in growth chamber-grown plants, water was withheld from 3-week-old potted plants for 5 d, which were then rewatered for 3 d. We repeated this cycle three times. Figure 2A shows that, by the beginning of the third drought cycle (experiment day 16), *kleaf of even the rewatered plants were 0.8 MPa lower than the preexperiment levels (experiment day 0; see also Table III ). In spite of this, light-saturated A rates measured at atmospheric CO2 levels were virtually the same (Fig. 2B) . Indeed, it can be seen that the drought-acclimated plants had control rates of A at a "'leaf of -1.35 MPa (experiment day 16), whereas nonacclimated plants at that same leaf showed an approximate 40% reduction in A (experiment day 3; Table III ).
Autoradiographic images demonstrated that the nonacclimated chamber-grown plants (Fig. 3B) showed inhomogeneous photosynthesis at a higher leaf than those in the field (Fig. 1B) . These nonacclimated cotton plants (Fig. 3B) also exhibited patchiness at a higher "Leaf than those that had been through the drying cycles ( Fig. 3C ; see also Table III) .
To address the question of whether the patchiness seen in Figure 3 represented inhomogeneities in stomatal conduct- Figure 4 . At moderately low *Ieaf (-1.64 MPa), the elevated extemal [CO2] (Fig. 4B ) largely removed inhomogeneities in recently fixed photoassimilate that were present at 340 ML L-1 CO2 (Fig. 4A) . However, at extremely low "leaf (-2.61 MPa), patchiness persisted even under the 3000 ML L`assay conditions (cf. Fig. 4, C and D) .
DISCUSSION
Whole plant carbon assimilation can potentially be controlled or limited at two levels-by the control that stomata have on CO2 availability within the leaf and at the level of the biochemistry of the chloroplast. Numerous studies have demonstrated assimilatory control at one or both of these levels. Evidence for nonstomatal (or biochemical) control is usually supplied by demonstrating that, when assimilation is depressed, the leaf Ci remains high (27) or that high extemal CO2 cannot completely restore a depressed A rate (2, 10, 19) , revealing that, in these cases, the supply of CO2 to the chloroplast is not limiting. (6, 7, 11-13, 15, 21, 25 (8, 18, 26, 28) . Although these average values are accurate measures of net CO2 and water vapor exchange by the leaf, they may not be suitable for Ci determinations and subsequent diagnosis of nonstomatal control (28) .
Although the mathematical rationale behind this argument has been challenged elsewhere (5), we wanted to know whether patchiness was a 'naturally' occurring response to water deficits, because all previous studies showing patchiness involved either ABA-treated tissues or growth chambergrown plants that were experiencing their first-ever water stress. Thus, we investigated plants that had been raised from seed in the field setting. Such plants experience large fluctuations in "leaf on a diurnal basis even when kept under irrigation (31) . Additionally, to accentuate further this naturally occurring diurnal decline in *Leaf, water was withheld from an identical set of cotton plants in the field, thus yielding a further decline in leaf (Table I) . However, at no point during the growing season or during the day could patches in recently fixed "4CO2 be detected in the irrigated or droughttreated cotton plants, unless they were uprooted and allowed to air dry for several minutes (Table II, Fig. 1 ). We have observed essentially identical behavior for sunflower (Helianthus annuus) in the field (32) and, therefore, conclude that inhomogeneities in photosynthesis probably do not occur frequently under natural conditions. Nonuniform A was, however, quite commonly seen when the same cotton cultivar was raised in a growth chamber and subjected to moderate (developed over several days) water deficiency (Fig. 3B) . The difference between this response in the growth chamber-grown plants and the lack of it in the field plants is undoubtedly due to the ability of plants to acclimate to drought conditions (20) . To demonstrate this, we treated growth chamber-grown cotton plants to two 5-d cycles of drought, interspersed with irrigation. During the drought cycles, "'leaf and A declined, but the relationship between the two was shifted. By the third drying cycle, a rate of photosynthesis equal to that of the nonacclimated controls could be maintained in the drought-treated plants at a significantly lower leaf (Fig. 2) , thus demonstrating a photosynthetic acclimation to the imposed drought. The presence of apparent stomatal inhomogeneities shifted to lower ",1eaf values as well (Fig. 3, Table III) .
Inhomogeneities in the amount of recently fixed 14CO2, such as those seen in Figures 1 and 3 , could be a consequence of either stomatal or nonstomatal factors. If stomata were the sole controlling factor, then it should be theoretically possible to reduce the limitation by increasing the external [CO2] to a level high enough to overcome the leaf diffusive resistance. This approach was recently used by Graan and Boyer (10) to demonstrate that a significant amount of the photosynthetic limitation in drought-treated sunflower is attributable to limitations within the chloroplast. When drought-treated and (Fig. 4D) , suggesting that, in addition to spatial variations in stomatal conductance, chloroplast biochemistry may be influenced to different degrees across a leaf's surface during severe drought.
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